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The Zeeman splitting in the emission spectra of multiparticle exciton-impurity complexes (Em IC) on donor 
(phosphorus) and acceptor @oron) impurity centers is investigated, and the shell structure of the E,IC is 
confirmed. The electronic states of the complexes in a magnetic field are classified by the values of the 
projections of the angular momenta in the electron and hole shells. The restructuring of the complexes 
under conditions when the valence-band degeneracy is lifted with the aid of uniaxial deformations is 
analyzed. The g factors of the electrons and holes are determined. The diamagnetic shift in the emission 
spectra of the E,IC is investigated and the dimensions of the complexes are estimated. 

PACS numbers: 71.35. + z, 71.70.Ej, 71.55.D~ 

1. INTRODUCTION 

The emission spectra of indirect semiconductors that 
contain weakly coupled centers of the donor o r  acceptor 
type acquire, a t  sufficiently high excitation densities 
and low temperatures, a number of narrow lines. This 
line structure was first  observed in the recombination 
spectra of silicon doped with boron, and was inter- 
preted a s  the result of emission of excitons o r  of elec- 
tron-hole pairs (E-H pairs) in a multiparticle exciton- 
impurity complex (EmIC), where m is the number of 
excitons o r  pairs connected with the center.' 

Considerable progress in the understanding of the 
internal structure of such complexes was made follow- 
ing the work by Kirczenow,' who proposed a shell 
model (SM) that recalls in many aspects the shell 
structure of multielectron atoms. According to this 
model, the electrons and holes in a multiparticle com- 
plex fill in succession the shells in accordance with the 
Pauli principle. It follows from the SM that strongly 
coupled EmIC (with m > 1) a re  produced only in semi- 
conductors with degenerate bands. Because of the 
band degeneracy, the number of single-particle elec- 

t r a  of the E,IC with the splitting picture that follows 
from the SM premises, when the spin-excited states 
a re  not populated (gf l>> kT).  In Sec. 2 we describe 
the experimental procedure. The Zeeman splitting in 
the E,IC spectra on a neutral donor in undeformed and 
uniaxially deformed Si(P) crystals a re  analyzed in Secs. 
3 and 4, respect i~ely .~ '  The influence of the magnetic 
field on the spectra of the multiparticle complexes on 
acceptor centers in Si(B) is investigated in Sec. 5. In 
Sec. 6, finally, we study the diamagnetic shift in the 
EmIC spectra in Si(P) and Si(B) and estimate the linear 
dimensions of the complexes. 

2. EXPERIMENTAL TECHNIQUE AND CRYSTALS 

We used for the investigations silicon single crystals 
doped with shallow substitutional impurities, namely, 
Si(P) with phosphorus donor atom concentration 
2 x 1014 ~ m ' ~ ,  and Si(B) with boron atom concentration 
loi5 ~ m - ~ .  The samples were cut in the form of rec- 
tangular plates with linear dimensions 1.5 X 3 x 10 mm 
in such a way that the longest edge was parallel to the 
( 1  11) crystallographic direction. The accuracy of the 
crystallographic orientation was not worse than 1; 

tronic states in the complex, which a r e  characterized To produce a homogeneous elastic deformation we 
by the principal quantum number, increases in ac- used the device shown in Fig. 1. The sample 4 was 
cordance with the degeneracy multiplicity." The shell placed between parallel planes of plungers 2, made of 
model classifies the electron (hole) states of the com- brass  and having a diameter 15 mm. The plungers 
plex by the symmetry type, predicts the number of could be moved freely inside a cylindrical frame 1. 
lines in the radiative-recombination spectra and their The lower plunger was fixed with the aid of a faceplate. 
fine structure. For example, within the framework of 
the SM it is possible to describe well the singularities 
of the E,IC spectra in Si in the absence of external 
 action^,^*^ and also in uniaxially deformed  crystal^.^ 
In particular, direct experiments under conditions of 
uniaxial compression in Si have demonstrated6 that 
band degeneracy is a necessary condition for the forma- z 
tion of E,IC (see also Ref. 7). 

One of the direct ways of verifying the SM is to in- 
vestigate the E,IC spectra in a magnetic field. This in 
fact is the main content of the present paper. In ac- 
cordance with the character of the Zeeman splitting it 

plexes by the values of the projections of the angular 
is possible to classify the electronic states of the corn- FIG. 1. Setup for the production of homogeneous deformation. 

The directions of the exciting laser beam, and of the polariza- 
momenta in the electron and hole shells. It has turned tion, in which the spectra were recorded, are indicated; S- 
out that is is preferable to compare the Zeeman spec- entrance slit  of monochromator. 
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The applied force P was parallel to the axis of the 
frame and was transmitted through the upper plunger 
to the sample in the direction of the longest edge. 
Linears of lead-tin alloy, about 1.5 mm thick, were 
placed between the crystal and the plungers. A small 
pressure was applied first at  room temperature, so 
that the sample was slightly pressed into the liners 
(-0.5 mm). The sample was then cooled to helium 
temperature. It was then possible to deform the 
samples to pressures of several kilobars. Under the 
experimental conditions, the homogeneity of the de- 
formation was high, as  monitored against the width of 
the lines of the exciton-impurity complexes under con- 
ditions of surface and volume excitation. At a spectral 
resolution of approximately 0.1 meV, we did not notice 
any inhomogeneous broadening of the EIC lines up to 
uniaxial pressures of 2-3 kbar. 

The device for the production of the elastic deforma- 
tion was placed together with the sample inside a super- 
conducting solenoid that ensured a sufficiently high 
aperture of the installation (I:?'). The directions of the 
magnetic field and of the compression axes of the 
samples coincided under the experimental conditions. 
The homogeneity of the magnetic field was not worse 
than l(r4 inside the volume occupied by the sample. 
The accuracy of the orientation of the samples along 
the direction of the magnetic field was approximately 
3'. The work was carried out in fields up to 80 kOe. 
The superconducting solenoid, the device for the de- 
formations, and the sample were in superfluid helium 
at T =  1.8 K. 

The nonequilibrium carriers were excited with the 
aid of a cw argon laser of 0.5 W power. The recom- 
bination radiation was registered with a photomultiplier 
cooled to T =  -60°C and having an S-1 cathode. The 
photomultiplier operated in the photon-counting regime, 
so that the sensitivity of the photoelectric registration 
system was about 10-l4 W. The spectral instrument 
was a large-aperture double monochromator with a 
dispersion 10 A/mm in the working region. 

3. ZEEMAN SPLITTING IN  EMISSION SPECTRA ON 
A NEUTRAL DONOR IN  Si(P) 

1. Structure of EmIC on a donor within the frame- 
work of the shell model. Silicon is an indirect semi- 
conductor and contains six equivalent electron valleys, 
so that according to the effective-mass approximation, 
the first 1s state of the electron in a weakly bound 
substitutional donor center should be 12-fold degen- 
erate. However, since the potential of the impurity has 
a lower symmetry (T,) than the crystal (Oh),  this state, 
with allowance for the valley-orbit interaction, is split 
into a free symmetrical state r, and states antisym- 
metrical with respect to the valleys r, and r,, with 
respective degeneracy multiplicities 2, 4, and 6 with 
allowance for the spin.g 

In the ground state of a single exciton-impurity com- 
plex on a neutral donor (E,Ic) in Si, two electrons 
occupy a singlet state r1(1/2, - 1/2) which is symmetri- 
cal with respect to the valleys. The wave function of 

the hole has the symmetry of the valence band I?, and 
belongs to a fourfold degenerate state with angular 
momentum j = 3/2 (Ref. 10). 

According to the shell modelZ for EmIC (m > 1), with 
increasing number of e-h pairs in the complex the 
additional holes occupy single-particle states r, until 
this shell becomes fully filled with four holes. Since 
the electron shell r, can contain only two electrons, 
the next electrons that enter the complex occupy the 
nearest 1s state r3 o r  r,. Since the r,-r, splitting 
is much less than r,-r,, these states will henceforth 
be designated r , , .  They can contain ten electrons. 
Within the framework of the SM, the ground states of 
the EmIC on a donor with m 4 a re  {2r,, (m - l ) r ,  ,; 
m rd, and the nearest excited states a r e  (r,, m r , , ;  
m r,}, i.e., states in which one electron from the shell 
r, goes over into r%,. Thus, the shell model clas- 
sifies in a definite manner the electronic states of the 
complexes by symmetry type, and by the same token 
predicts the number of lines in the recombination 
spectrum and their fine structure. A direct check on 
the reliability of this classification consists of in- 
vestigating the EmIC spectra in a magnetic field. 

The most convenient for investigations of the multi- 
plet splitting in a magnetic field turned out to be the 
zero-phonon lines corresponding to processes of re- 
combination with transfer of the excess quasimomentum 
to the crystal defect. These lines have as a rule a 
width smaller than 0.1 meV. The probability of the 
zero-phonon transitions is determined by the overlap 
integral of the wave functions of the recombining par- 
ticles on the impurity center. From among the single- 
electron wave functions r,, r,, and r,, only the fully 
symmetrical wave function r, extends noticeably over 
the impurity site. Therefore in the zero-phonon region 
of the spectrum the predominant EmIC emission lines 
are  those corresponding to recombination of the r, 
electrons with holes of symmetry r, (the so-called a! 
transitions). Thus, in the case of a! transitions, a s  a 
result of the act of recombination with emission of a 
photon hv, the remaining complex Em,,IC with m > 1 
turns out to be in an excited state: 

In a magnetic field, the electronic states of the EmIC 
are  split. If the g factors of the r, electrons and r, 
holes in the multiparticle complex a re  the same a s  in 
the usual EIC, then according to the shell model the 
total number of Zeeman components for the lines a,- 
a,, with allowance for all the allowed transitions be- 
tween the spin-split states, should remain constant.' 
This agrees with the experimental observations under 
conditions w h e r e i n g m  -kT (Ref. 11). The intensity 
ratio of the Zeeman components should be determined 
by the rates of single-electron transitions between the 
corresponding spin sublevels (see Table I of Ref. 2). 

~ua l i t i t ive  differences occur between the Zeeman 
spectra of EmIC in the case when the spin-excited states 
of the EmIC a r e  not populated (g@ >> kT). Because of 
the strong difference between the intensities of the 
Zeeman components under these conditions, it is pos- 
sible to classify unambiguously the observed optical 
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FIG. 2. Splitting of zero-phonon lines of E JC radiation in 
undeformed Si(P) crystals at T =  1.8 K and H =  62 kOe, 
Hll all), and Hlk. The dashed lines show the spectrum of 
the EJC without the magnetic field. The radiation polarized 
parallel and perpendicular to H is marked by the symbols A 
and 1. On the right are shown the schemes of the allowed 
optical transitions (the splitting of the r3,! shell, whose 
electrons do not participate in the recombmation, is not 
shown). 

transitions. In this case the number of allowed Zeeman 
components changes from one for the a, line to six 
for the a, line. 

2. EmIC spectra in Si(P) in a magnetic field. Figure 
2 shows the EmIC emission spectra (a, lines, m = 1-4) 
in Si(P), measured in a magnetic field H = 62 kOe in 
the Voigt configuration (Hlk) at  T = 1.8 K. It is  seen 
that the number of Zeeman components in the spectrum 
increases with increasing number of e-h pairs in the 
complex. From a comparison of the picture of the 
splitting of the lines a,-@, on Fig. 2 under the condi- 
tions gpH>>kT with the observed" picture a t  gpH- kT 
it  follows that the emission lines corresponding to re- 
combination from excited spin sublevels vanish in the 
spectrum when the splitting between the sublevels 
greatly exceeds kT. The relative intensities of all the 
Zeeman components observed in Fig. 2 do not change 
when the field is increased from 40 to 80 kOe 
[gH CI = (3-6)kT], and the spacing between the compon- 
ents increases linearly with H. This means that there 
is time for thermodynamic equilibrium to be estab- 
lished between the spin sublevels in E,IC in Si(P), and 
consequently the Zeeman spectra shown in Fig. 2 cor- 

respond to transitions from the state with the lowest 
spin (ground state). If we confine ourselves in the 
Hamiltonian of the interaction of the E,IC with the mag- 
netic field to the terms that make the parametric con- 
tribution to the term splitting, then we can write for  
the energies of the states corresponding to definite 
values of the projections of the angular momenta of the 
electrons S, and of the holes J ,  in the E, IC complex 

where g; is the g factor of the i-th electron with z-pro- 
jection of the spin s,, and gi  is the g factor of the hole 
with the angular-momentum z-projection j,; the sum- 
mation is over all the electrons with holes in the cor- 
responding shells. 

It must be borne in mind that the g factors of the 
electrons in the shells r, and r , ,  as well as of the 
holes with j ,=  * 3/2 and i 1/2 a r e  in the general case 
not equal to one another. The experimentally observed 
( ~ i g .  2) multiplet Zeeman splitting of the a, lines can 
be explained if they a r e  attributed to recombination of 
the electron from the filled r, shell having resultant 
electron spin equal to zero with the hole of r, in the 
ground spin state of the E,IC. In this case the lowest 
spin state of the hole in the E,IC is characterized by an 
angular momentum projection j,= -3/2. Therefore, in 
accordance with the selection rules listed in Table I, 
one component should be observed in the spectrum of 
the recombination of the E,IC in the magnetic field. 

When the number of e-h pairs in the E,IC is in- 
creased, the additional holes in the ground state of the 
complex, in accordance with the Pauli principle, occupy 
in succession states with angular momentum projec- 
tions j ,=  -1/2, 1/2, and 3/2. When the number of e-h 
pairs in the complex is increased the number of al- 
lowed transitions increases in accordance with the 
selection rules. 

Figure 2 shows the schemes of the expected transi- 
tions from the ground state of the E,IC to the spin-split 
Em,,IC states. The splitting of the shell r,, is not 
shown on the transition scheme, since the electrons of 
this shell do not take part  in the combination. It is 
seen from Fig. 2 that the experimentally observed 
number of Zeeman components in the E,IC lines and 
their state of polarization agrees sufficiently well with 
those expected in the framework of the SM. The emis- 

TABLE I. Selection rules and relative probabilities 
of the radiative transitions between the spin sublevels 
in EIC*. 

*s, and j, denote the respective projections of the electron 
spin and of the angular momentum of the hole; X, Y, Z-di- 
rections of polarization of the light, I-quantization axis. 
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sion lines corresponding to the transitions A@,+J,) = 0 
a re  not resolved in the spectra because of the close 
values of the g factors for the electrons (gel and for the 
spin-1/2 holes (g:/,). The component corresponding 
to the transition 1 is not resolved in the E,IC spectrum, 
apparently because of the overlap with the unresolved 
structure of the Zeeman spectrum of the E51C com- 
plex. 

Comparing the observed relative intensities of the 
Zeeman components with those calculated by Kirczenow2 
(Table I), we see that the discrepancy between them is 
large. To some degree these discrepancies a re  due to 
the depolarization of the radiation in the sample by un- 
controllable multiple reflections. Thus, the degree of 
polarization of none of the investigated lines exceeded 
30%. The reason for the difference between the rela- 
tive intensities and the expected ones for identically 
polarized lines remains less clear. 

3. The g factors. From the values of the splitting of 
the a! lines in the magnetic field we can determine some 
of the g factors for the r, electrons and r, holes in the 
excited states of the EmIC. These results a r e  given in 
Table 11, which gives for comparison also the g factors 
of the electrons and holes respectively on the neutral 
donor and acceptor. It follows from the table that on 
going from the neutral donor in E,IC with rn = 1-3, the 
change of ge does not exceed the experimental e r ro r  
(-5%). For the holes in EIC, the factors differ substan- 
tially from the g factors of the holes on weakly bound 
acceptors. 

Within the framework of the SM, for holes in E,IC, 
just a s  in the case of a neutral acceptor, the Zeeman 
splitting is determined by a perturbation matrix H,, 
which can be written, from symmetry considerations, 
in the form" 

where the coefficient g, determines the isotropy con- 
tribution to the g factor, while g, determines the aniso- 
tropy correction. At g, = 0, the paramagnetic con- 
tributions to the energies of the states with j , =  *1/2 
and *3/2 a re  the same and do not depend on the direc- 
tion of the magnetic field H, i.e., g:/,= g$,. In sili- 
con, owing to the angular dependence of the wave func- 
tion of the hole at  the impurity center, the correction 
g, for the anisotropy differs from zero. At g, + 0, the 
Zeeman splitting depends on the orientation of the 
magnetic field and gtl  ,#g !,,. In the case H II (111) 

TABLE 11. The g factors of the bound electrons and holes in 
EJC in Si(P) for the direction H 11 (111). 

Q 

Si (B) 

'Neutral donor. 
**Neutral acceptor. 

(Ref. 12) we have 

From the data of Table II we see that the difference 
g$,-gf/, in EmIC does not change when the number of 
holes in the r, shell is increased, but it is much larger 
than the corresponding g-factor difference for a hole 
in a neutral acceptor. This means apparently that the 
angular dependence of the g factor for the holes of r, 
in a multiparticle complex is much stronger than in the 
case of a neutral acceptor. This difference between the 
wave functions of the holes of r, in EmIC and in a neu- 
tral  acceptor seems natural to us and depends on the 
degree of deviation of the impurity potential from 
spherical symmetry. Whereas in an acceptor the de- 
viation of the potential from spherical symmetry is 
most significant within the limits of the unit cell of the 
crystal, in the complex, owing to the r, electrons, 
this difference can extend over distances of the order of 
the Bohr radius for the r, electron. 

It should also be noted that, owing to the close values 
of the effective masses of the electrons and holes, the 
dimensions of the r, and r, shells should be com- 
parable. 

Using the obtained values of g f f  , and gh,/, we obtain 
for EmIC with the aid of (4) that g, = 0.6 and g, = 0.4. 

The spectral shift Aa, of the emission lines cor- 
responding to transitions between the ground spin states 
relative to the a! lines in the absence of a magnetic 
field is determined, a s  follows from (21, as follows: 

Aurn='lrSmfl, (5 

where 

The difference between the measured and calculated 
values of Aa(1) at  H =  80 kOe does not exceed 0.15 meV, 
which is much less than g,,, pH. This difference is  due 
to the difference between the diamagnetic shifts in the 
initial and final states of the complex (see Sec. 6). 

4. ZEEMAN SPLITTING IN  THE Em IC SPECTRA IN 
UNlAXlALLY DEFORMED Si(P) 

Uniaxial elastic deformations lift the degeneracy of 
the valence band. In the 1s state, a nondegenerate 
valence band can contain not more than two holes. 
Therefore complexes containing not more than two 
electron-hole pairs remain stable in such crystals. 
When silicon is compressed along the (111) crystallo- 
graphic direction, the structure of the conduction band, 
and consequently also of the electron shells in the com- 
plex, remains unchanged. The holes fill in this case 
the doubly spin degenerate shell r, (Ref. 2). The ex- 
pected resultant splitting of the EmIC terms at the 
neutral donor in a magnetic field, and also the zero- 
phonon transitions and the character of their polariza- 
tion, a re  shown in Fig. 3. We have left out from the 
level scheme the splitting corresponding to the electron 
shell r , , ,  since the electrons of this shell do not take 
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FIG. 3. Splitting of zero-phonon lines of the radiation of E JC 
in deformed Si(P) crystals at T = 1.8 K, H= 62 kOe kg/mm2. 
The dashed lines show the EmIC spectrum at H II bll), P II H, 
P=23  kg/mm2. On the right are shown the schemes of the 
allowed optical transitions. 

part  in the recombination. 

It follows from Fig. 3 that the total number of the 
transitions that a r e  allowed in accordance with the 
selection rules for EIIC and E21C is the same and equal 
to four. In the EIIC, two transitions take place from 
the ground state and from the spin-unsplit state, since 
the shells r1 and r, a r e  completely filled, and the re- 
sultant angular momentum in them is therefore zero. 
Next, it is  easy to obtain for theg-factor of the holes 
in the configuration H 11 P 11 (111) the value1' g = gl 
+ 13/4g,= 1.9. This value coincides with the g factor 
of the I?, electrons, so  that the Zeeman components 
corresponding to transitions 2 and 3 should coincide in 
the spectrum. 

The emission spectra of EmIC in an Si(P) crystal de- 
formed along the (111) axis and placed in a magnetic 
field H 11 P of 62 kOe a r e  shown in Fig. 3. The spectra 
were measured in the Voigt configuration H l k .  As 
expected, the EIIC and E21C lines a r e  split in a mag- 
netic field into triplets. In the case of EIIC, the inten- 
sity of component 4 decreases with increasing H (tran- 
sition from a spin-excited state). At the same time in 
E,IC the relative intensities of the Zeeman components 
remain unchanged. From the magnitude of the splitting 
i t  is easy to find that g, = g: = 1.9 0.1. These values 
of the g factors a re  the same in EIIC and E,IC. The 
polarization of individual components also agrees with 
that expected within the framework of the SM. Thus, 
results obtained under conditions of uniaxial com- 
pression confirm the SM. To conclude this paragraph, 
we finally call attention to the fact that the ratio of the 
intensities of the Zeeman component 4 and 1 in EIIC 
exceeds noticeably the value expected under conditions 
of quasiequilibrium between the spin sublevels. It 
follows therefore that the time of the spin relaxation in 
EIIC in deformed Si(P) crystals is a t  least larger  than 
the lifetime of the complex sec). Such an ap- 
preciable increase of the time of the spin relaxation in 
EIIC in deformed crystals of silicon is  explained by the 
lifting of the degeneracy of the valence band.'= 

5. EMISSION SPECTRA OF Em IC AT A NEUTRAL 
ACCEPTOR IN A MAGNETIC FIELD IN  Si(B) 

The electron structure of multiparticle complexes a t  
acceptor centers differs substantially from that of the 

EmIC on donors considered above. First, in such com- 
plexes there is  a much stronger interaction of the 
angular momenta of the holes, the s o  called j-j inter- 
action, which is accompanied by additional splitting of 
the hole terms. This splitting is larger  the stronger 
the binding of the a ~ c e p t o r . ~ * ' ~ * ' ~  Another st i l l  un- 
answered question is how large a splitting of the elec- 
tron orbitals is produced by valley-orbit interaction in 
such complexes. It is therefore not clear beforehand 
how the electron shells become filled when the e-h 
pairs a r e  successively joined into complexes. For ex- 
ample, some authors1' explain the experimentally ob- 
served degree of circular polarization of E,IC in Si(B) 
by assuming that the lowest electronic state, just a s  in 
Si(P), is the spin singlet rl. There is, however, 
another point of view, according to which the valley- 
orbit splitting in EmIC on an acceptor is assumed to be 
 mall,^'^^ so  that the electrons in such complexes a r e  
outside the central cell because of the repulsion poten- 
tial produced by the negatively charged ion. This is 
confirmed by investigations of the influence of uniaxial 
deformation along the (100) axis on the formation of 
EmIC on an a ~ c e p t o r , ~  which have established that in 
Si(B) the term splitting is r,, - rl c0.3 meV, whereas 
in Si(P) T,,, - rl = 4 meV. If in the case of interest to 
us  the valley-orbit splitting turns out to be negligibly 
small, then the deepest electron shell in EmIC will have 
a higher degeneracy multiplicity than the quadruply 
degenerate lowest hole shell r,. 

An answer to these questions can be obtained with the 
aid of an analysis of the Zeeman splitting in the emis- 
sion spectra of E,IC. The acceptors used in the Si 
crystals were boron atoms, for which the j-j inter- 
action is relatively small  and becomes smaller than 
the paramagnetic splitting of the terms H 3 30 kOe. 
The most convenient for the investigations turned out 
to be the narrow zero-phonon lines. In Si(B), however, 
their intensity is low and furthermore decreases (as 
does also the intensity of the lines with phonon emis- 
sion) with increasing magnetic field. We succeeded in 
tracing the splitting of the zero-phonon lines of the 
EmIC radiation with a resolution 0.2 meV only in fields 
up to 60 kOe. At H > 60 kOe we investigated more in- 
tense lines corresponding to recombination of e-h 
pairs with emission of a TO phonon. In such strong 
fields the paramagnetic splitting exceeds the halfwidth 
of these lines (-0.3 meV). 

1. Elastically deformed .Si(B) crystals. We discuss 
first  the spectra of the complexes in Si(B) that is 
elastically compressed along the (111) axis. The elec- 
tron structure of the EIC under these conditions be- 
comes noticeably simpler because of the lifting of the 
degeneracy in the valence band. In this case the holes 
fill the r, shell, which is doubly degenerate in spin, 
and therefore complexes with e-h pairs m > 1 turn out 
to be unstable.' In EIIC, two holes form a state singlet 
in the spin, which is not resolved because of the j-j 
interaction. 

The emission spectrum of EIIC in a magnetic field of 
80 kOe and a t  a deformation P 1 1  (111) (P= 12.5 kg/mm2) 
is shown in Fig. 4. This figure shows also the radia- 
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FIG. 4, Splitting of TO recombination line of E,IC in a de- 
formed Sim) crystal at H= 80 kOe and P= 12.5 kg/mm2. The 
dashed line was obtained at H= 0; on the right is  shown the 
scheme of the optical transitions. 

tive-transition scheme. Just a s  in deformed Si(P), the 
Zeeman components corresponding to transitions 2 and 
3 a r e  not resolved. However, the line corresponding to 
these transitions i s  noticeably broadened, s o  that the 
electron and hole g factors ge and g, do not coincide. 

By approximating the magnetic-field dependences of 
the EIIC levels and the acceptor with the aid of ex- 
pression (I), we find that in EIIC g, +g,  = 3.1 * 0.2, ge 
= 1.8i0.2, g,= 1.3i0.2 (Table 111). The intensity dis- 
tribution in the Zeeman emission spectrum in deformed 
Si(B) crystals indicates that, just a s  in elastically com- 
pressed crystals Si(P), the quasiequilibrium between 
the spin sublevels does not manage to se t  in within the 
lifetime of the complex sec). 

2. Undeformed Si(B) crystals. We shall now dwell on 
the singularities of the Zeeman emission spectra of 
EmIC on an acceptor in undeformed silicon crystals 
(Fig. 5). In a magnetic field H = 62 kOe and T = 1.8 K, 
the zero-phonon emission line EIIC (m,) splits into a 
doublet. The spectrum of Fig. 5 shows also the line a, 
connected with the residual impurity of the phosphorus 
atoms. With increasing magnetic field, the splitting 
between the components (1) and (2) of the m1 line in- 
creases linearly, and the ratio of the intensity of the 
components (2) and (1) decreases - exp[gv /kT] .  This 
means, first, that the lifetime of the complex is suf- 
ficient for quasiequilibrium to become established 
between the spin sublevels in the undeformed Si(B) 
crystals and, second, that only the component (1) cor- 
responds to a transition from the ground state of EIIC. 
A substantial contribution to the ratio of the intensities 
of the components (1) and (2) is made by the pre-ex- 
ponential factor, which is  connected with the difference 
between the matrix elements of the transitions cor- 
responding to these lines. 

Figure 6 shows the scheme of the allowed transitions 
from the ground and nearest excited level in EIIC. For 

TABLE III. The g factors of bound electrons and holes in 
EJC in SiB) that is  not deformed and is  deformed along 
PI1 (111) (811 (111)). 

Direction of deformationl~umber of e-hl 
.Si(B, ge / g 1 g - 2  1 g: 

No deformation 1.85*0.1 1.2+-0.1 ( 1 1 1.85+0.1 / 1.Z:O.I ( I 1 Pil(il1) 1.85*0.1 1.3*0.1 

r ,  rel. un. 

! IV8 !. fso dw, eV 

FIG. 5. Zero-phonon recombination spectrum of E JC in 
Sim) crystal in a magnetic field H =  62 kOe without deforma- 
tion. The dashed line shows the EJC spectrum at H= 0. 

transitions 1 and 3 the energies of the emitted photons 
coincide. The rates of the single-electron transitions 
1 and 3 a r e  smaller by a factor 4 than the probability 
of the transition 2, in good agreement with experiment. 

Figure 5 shows the Zeeman spectra of the emission 
lines of E21C (m,) and E,IC (m,), measured in the Voigt 
configuration in a field H = 62 kOe (H 11 (111)). The line 
m, splits into a doublet, and m ,  into a triplet. The 
relative intensities of the components remain unchanged 
within the limits of each multiplet when the magnetic 
field is increased from 40 to 80 kOe, and therefore all 
the components correspond to transitions from the 
ground state. To explain the observed splitting picture 
it must be assumed that in a magnetic field the ground 
state with two electrons in E,IC has a resultant angular- 
momentum projection J,= -1, and for three electrons 
in E,IC in the ground state we have J,= -3/2. If the 
two electrons in E,IC were to produce a spin singlet 

FIG. 6. Diagram of the allowed transitions, shown in Fig. 5, 
in a magnetic field. The Zeeman levels corresponding to 
different projections of the total spins of the electrons S, are 
designated by lines with different lengths. The dashed lines 
mark the transitions in the case when the two electrons in the 
EzIC form a spin singlet in the state of lowest energy. 
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rl, then, for  example, the m, line would be split in the 
magnetic field into a quintet (such a splitting is shown 
dashed on the scheme of Fig. 61, something not ob- 
served in experiment. Thus, the state r, is not the 
ground state for the electrons in complexes on a neutral 
acceptor. The observed spectra of the multiplet split- 
ting of the lines m, and m, in a magnetic field a re  ex- 
plained by the schemes of the optical transitions in 
Fig. 6. 

From the value of the Zeeman splitting we can deter- 
mine the g-factors of the holes in the complexes. The 
obtained values for the g-factors a r e  shown in Table 
111. In undeformed Si(B) a t  H 11 (111) g :/, =g ;/,, and 
these quantities agree well with the g factors for the 
holes in a neutral acceptor. It follows therefore that in 
complexes with a neutral acceptor, in contrast to 
EmIC in Si(P), the wave functions for the holes have, not 
unexpectedly, a weak angular dependence. It was noted 
above that the strong angular dependence of the wave 
functions of the holes in the EmIC in Si(P) is  due in all 
probability to the deviation of the symmetry of the 
wave functions of the electrons from spherical, a devia- 
tion which is largest for the rl electrons. In the case 
of EmIC in Si(B), the anisotropic increment to the g- 
factor for the holes should be small. 

In concluding this section we note that the g-factor 
of the electrons in the complexes can be determined by 
measuring the energy changes of the emitted photons 
in transitions from the ground state of the E,IC to the 
ground state of Em,,IC. For this change we can write 

A h ~ , = ' l ~ $ ~ p H ,  

where 

It follows from experiment that g, = 1.8k0.2 for all the 
EmIC in Si(B). 

6. DYNAMIC SHIFT IN THE EMISSION SPECTRA OF 
MULTIPARTICLE COMPLEXES 

Figures 7 and 8 show the dependences of the positions, 
on the energy scale, of the Zeeman components in the 

0 " )  pkOe 
FIG. 7. Dependence of the energy position of the Zeeman 
components of the a lines in the luminescence spectrum of 
Si(P) on the magnetic field. 

0 40 80 H, kOe 

FIG. 8. Magnetic-field dependence of the position of the 
Zeeman components of the E JC line in the spectrum of Si(B). 

emission spectra of multiparticle complexes with donor 
and acceptor impurities on the magnetic field. In 
first-order approximation these dependences a r e  
described by terms that a r e  linear in H in the Hamil- 
tonian of the interaction of the E,IC with the magnetic 
field. However, even in fields H > 50 kOe noticeable 
discrepancies a r e  observed between the linear approxi- 
mations and the experimental observations. By way of 
example, this is illustrated in an enlarged scale for 
the a, line of EIIC in Si(P) in Fig. 7. 

The measured dependences can be described more 
accurately by including in the expression for the spec- 
tral shift a term quadratic in the magnetic field 

hw ( a r n )  IH=fiw (a , )  I n - o + $ m I f + ~ m f l .  (6) 
It turned out that the values of yl for EIIC in Si(P) and 
Si(B) practically coincide and agree well with the values 
of yl for EIIC in Si(As), as  obtained in Ref. 10. 

The term of (6) quadratic in the magnetic field stems 
from the diamagnetic susceptibility of the complexes 
and is due to the difference between the diamagnetic 
shifts of the initial and final states: 

dia dia 7,JP=AEm -AEm-, .  (7) 

For a quantitative description of the diamagnetic shift 
of the terms in EmIC, we use the expression obtained 
for a multielectron atom in first-order perturbation 
theory1': 

where the summation i s  carried out over both the elec- 
tron and hole states. For qualitative estimates we can 
assume that, just as for the IS-hydrogenlike wave 
function, q= 3ag. For a neutral donor on phosphorus, 
the radius of the Bohr orbit of the electron is a = 15 A 
and AE $IL= 0.3 los5 H (meV). From (7) we find that 
for an EIIC with a donor 

A E ~ " A E , ~ ~ + ~ , H ~ - ~ . ~ . ~ o - ~ H ~  meV . 

If we use expression (a), we easily verify that even 
in the extreme case a 8, >>a the dimension of the E,IC 
does ~ o t  exceed the Bohr radius of the exciton (a: 
=45 A). Inasmuch as m , = m ,  in the complex, we can 
assume for estimates that a8, = a  g. We then get for the 
EIIC radius a i l C  =a: ~ 0 . 6 5 ~ :  (-30 A). The quadratic 
shifts for the emission lines of EIIC in Si(B) and Si(P) 
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TABLE 1V. Values of ym for the emission 
lines of EJC in Si(P) and Si(B). - 

particular, the hole shell) up to complete filling of the 
shell. 

In conclusion the authors consider it their pleasant 
duty to thank G. E. Pikus, k. I. Rashba, and V. M. 
kdel'shtein for useful discussions of the content of 
the paper. 

agree within the limits of their e r r o r s  (20%), s o  that 
the radius of the E,IC in Si(B) is equal to E ;1IC =a 8, 
~ 0 . 6 5  a?. The values of y ,  for  E,IC in Si(P) and 
Si(B) are listed in Table IV. 

It is of particular interest to know how the dimension 
of the complex varies when the number of electron-hole 
pai rs  in it increases. In the case of EmIC with a neu- 
tral  donor, unfortunately, it is impossible to determine 
the dimension of a complex with m > 1 from only mea- 
surements of the diamagnetic shift of the f f m  lines. 
The point is that the a, lines at m > l  correspond to 
transitions to the excited states E,,IC, s o  that the 
contributions made to y m H 2  by the initial and final 
states cannot be separated. 

These difficulties do not arise in the case of transi- 
tions between the ground states of the complex. Such 
a situation obtains in E,IC in Si(B). It follows from 
(7) and (6) that 

Assuming a;  = a  and using (8), we find that the Bohr 
radii E,IC and E,IC in Si(B) are respectively (33* 5) ih 
and (28 * 6) These values agree well with a recent 
calculation. l8 

Thus, the dimension of a multiparticle complex with 
an  acceptor center remains practically unchanged when 
the number of the e-h pairs that are bound to this 
center increases, even if the hole shell becomes com- 
pletel y filled. 

We regard these results as of interest. It follows 
from them that when the number of e-h pai rs  in the 
complex increases, the electron-hole density increases. 
This should be accompanied by a n  increase of the cor- 
relation energy pe r  particle, meaning of the binding 
energy of the multiparticle complex as a whole; this 
does not contradict the experimental observations. This 
tendency to "self-contraction" of the dimensions of the 
multiparticle complexes wid to an increase of their 
stability should manifest itself when the number of 
particles increases within the limits of one shell (in 

Ibt was predicted earlies that stable multiparticle free com- 
plexes can exist in principle in multivalley semiconductors 
such as  Ge and Si. 

2 )~ome  of the material in Sec. 3 was published by us in an 
earlier communication. 
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